Thermal expansion and forced magnetostriction of MnSi were measured as a function of temperature down to 5 K and magnetic field to 3 T. The small length (volume) discontinuity at the magnetic phase transition in MnSi decreases with application of magnetic field to a value ∆L/L ∼ 10 −7 , and then suddenly the discontinuity seemingly jumps to zero. Thermal expansivity peaks strongly deteriorate with magnetic fields. No specific features identifying a tricritical point were observed. We propose that the Frenkel concept of heterophase fluctuations may be relevant in the current case. Therefore, we suggest that the magnetic phase transition in MnSi always remains first order at any temperature and magnetic field, but the transition is progressively smoothed by heterophase fluctuations. These results question the applicability of a model of a fluctuation-induced first order phase transition for MnSi. Probably a model of coupling of an order parameter with other degrees of freedom is more appropriate.
I. INTRODUCTION
The magnetic phase diagram of the itinerant helical magnet MnSi has been studied for over 40 years. From these studies, a magneto-ordered phase in MnSi was identified as having a helical spin structure 1 , and a so-called A-phase was discovered 2 that later was recognized as a spin-skyrmion phase 3 . Heat capacity, thermal expansion (see for instance [4] [5] [6] [7] and the references therein) and elastic properties 8, 9 measured across the phase-transition line at various magnetic fields led to the identification of the helical-paramagnetic phase transition at zero magnetic field as a fluctuation-induced weak first order transition 10, 11 . Though the volume and entropy change at the phase transition are so small (∆V /V ≈ 10 −6 , ∆S/R ≈ 10 −4 ) 6,7 that this transition should be considered as "extremely weak first order phase transition". Indeed, for instance, a volume change at the weakest first order phase transitions in well-known examples, like ferromagnetic transition in MnAs, the dielectric orderdisorder transition in NH 4 Cl, and ferroelectric transition in KDP is ∆V /V ≈ 1.8 · 10 −2 , 1.2 · 10 −3 , ∼ 10 −4 , respectively (see Refs. [12] [13] [14] , which is at least two order of magnitudes larger than ∆V /V at the phase transition in MnSi.
One might expect magnetic fluctuations to be suppressed with the application of magnetic fields, which could result in a change of character of the fluctuationinduced first order transition. In this case, the first order phase transition becomes second order at some point in T , H space, producing a tricritical point. In the mean field approximation, heat capacity, thermal expansion coefficient and compressibility diverge at the tricritical point as a power law with a temperature exponent α = 0.5 (see 15 ). The fluctuation correction should be small in this case because the upper critical dimension D + = 3 at a tricritical point; whereas, at an ordinary second order transition D + = 4 (Ref. 16 ). On the basis of a change of form of heat capacity at the phase transition, a recent paper 17 , argued for the discovery of a tricritical point on the T − H transition line in MnSi; however, there was no tendency for the heat capacity to diverge. Moreover, ultrasound studies have revealed a striking increase of elastic moduli in the T − H region corresponding to the proposed tricritical point where the elastic moduli should decrease or the elastic compliance should increase 9 . With this unresolved issue, it is appropriate to take a closer look at the situation.
To this end, thermal expansion and forced magnetostriction of MnSi were measured as a function of temperature and magnetic field. Though similar measurements were reported earlier in Refs. [4] [5] [6] [7] , the current measurements were performed in more detail with an emphasis on exploring the disputed region. The main surprising result of this study is a decrease of the extremely small length (volume) discontinuity at the magnetic phase transition in MnSi with application of magnetic field to a value ∆L/L ∼ 10 −7 and the apparent sudden jump of the discontinuity to zero.
Because no specific features identifying a tricritical point were observed in these experiments, the fielddependent evolution of the volume discontinuity raises the question of whether extremely weak first order phase transitions with immeasurably small volume and entropy discontinuities may exist 15 . In our particular case the answer is negative. Instead, heterophase fluctuations smooth the transition to mimic a second order phase transition.
II. EXPERIMENTAL
A Quantum Design Physical Property Measurement System (PPMS) and a capacity dilatometer 18 with a resolution of 10 −8 mm were employed in these experiment. A single crystal of MnSi ∼ 3 mm in diameter and ∼ 2.8 in height, grown by the Bridgman technique, was used. The dilatometer holder permitted measurements of the sample strains both in "longitudinal" and "transverse" orientations, that is, when the magnetic field was parallel or perpendicular to a direction of the length measurement. In the current experiment, the sample length was always measured in the [110] direction, whereas magnetic * corresponds to a helical-conical transition. A higher field change of slope occurs due to a transition of the conical phase to a field-induced ferromagnet state. This transition is associated with tiny dips in ∆L/L0 that can be seen in (b). These dips can be viewed as continuations of the smoothed first order phase transitions observed at lower magnetic fields. 'Hills' (a) and 'canyons' (b) in the middle characterize the skyrmion phase.
III. DISCUSSION
The small length discontinuities in thermal expansion curves, manifesting a first order phase transition in MnSi, are situated on an otherwise very steep slope (Fig. 1) . This situation makes it difficult to evaluate directly the magnitudes of jumps and their change with magnetic field.
To analyze the evolution of the first order volume (or Fig. 3 ) .
magnitude of the slightly broadened length discontinuity decreases with applied magnetic field, and at about ∼ 0.26 T the form of the reduced thermal expansion curves changes qualitatively (Fig. 4) . The discontinuities are replaced by broad anomalies. These anomalies can be still seen at about 0.43 T as evidenced in Fig. 5 , where the thermal expansivity of MnSi is displayed in a limited range of magnetic fields. The decaying anomaly obviously associated with the one under discussion can be even traced to 0.6 T from the ultrasound studies 9 . The sample length discontinuities as function of magnetic field, determined from data in Fig. 4 , are shown in Figs. 6 a and b. It is noteworthy that the discontinuity variations are closely correlated with peak amplitudes of thermal expansivity (Fig. 5) . Some remarkable features in Fig. 6 should be pointed out.
First, in a configuration where the magnetic field is directed along [110] and the linear expansion is measured along [100], ∆L/L 0 initially grows; whereas, in the parallel configuration (H, ∆L [110] ) ∆L/L 0 probably decreases from beginning. This situation obviously is con-nected with a specifics of the longitudinal and transverse magneto-striction in MnSi at low magnetic fields (see Fig. 3 ). Second, a plateau in the range ∼ 0.12 − 0.2 T (Fig. 6a) and a local anomaly at ∼ 0.14−0.23 T (Fig. 6b) are related to the existence of the skyrmion A-phase. Third, the sample length discontinuity seemingly drops to zero from the finite value(∼ 5 · 10 −7 ) at ∼ 0.26 T. The forced magnetostriction measurements (Figs. 2, 3 ) confirm a lack of first order features at the conical to induced ferromagnetic phase transition on isotherms at 28.6 K and below. A sharp change of slope in the magnetostriction curves identifies a transition of the conical spin structure to field-induced ferromagnetic spin order 19 . This transition is associated with tiny dips, which can be seen in Fig. 3 . At the same time, a first order phase transition on the boundary of skyrmion formation is clearly seen (Fig. 3) .
A first order phase transition with a finite jump in thermodynamic quantities across a phase border cannot be terminated without continuation. Normally, a first order phase transition may end in a tricritical point with ∆V = 0 and ∆S = 0. Then, a phase transition may continue as a second order transition; however, finite values of ∆V , and hence ∆S, at the termination point, a lack of divergence of thermal expansivity 1/L(dL/dT ) and an unusual deterioration of the related peaks, which should indicate a second order transition, prevent us from accepting this scenario 17 . Instead, we hypothesize that the Frenkel concept of heterophase fluctuations may be applicable 20, 21 . Heterophase fluctuations, similar to quenched impurities, smear a first order phase transition starting at some critical value of magnetic field. Consequently, one may expect an enhancement of these fluctuations and deterioration of peaks in thermal expansivity, heat capacity, etc. with magnetic field. The smeared phase transition itself, however, would still exist as it follows from the magnetostriction measurements (see Figs. 2, 3 ).
IV. CONCLUSION
Thermal expansion and forced magnetostriction of MnSi were measured as a function of temperature to 5 K and magnetic field to 3 T. A small length (volume) discontinuity at the magnetic phase transition in MnSi decreases with application of magnetic field to a value ∆L/L ∼ 10 −7 , and then suddenly the discontinuity seemingly jumps to zero. Thermal expansivity peaks strongly deteriorate with magnetic field. No specific features identifying a tricritical point were observed. We propose that the Frenkel concept of heterophase fluctuations 20 may be relevant in the current case. Therefore, we suggest that the magnetic phase transition in MnSi always remains first order at any temperature and magnetic field (see also 9 ), but the transition is progressively smoothed by heterophase fluctuations. These results question the applicability of a model of a fluctuationinduced first order phase transition in MnSi. Probably, a model of coupling of an order parameter with other degrees of freedom is more appropriate (see 22 ). 
